Background. Polymorphisms rs363371 and rs363324 in the vesicular monoamine transporter 2 (VMAT2) gene have been associated with risk of PD in an Italian population, and our aim is to investigate the association between the two single-nucleotide polymorphisms and PD in Han Chinese. Methods. 561 Han Chinese PD patients and 491 healthy age-and gender-matched controls were genotyped using Ligase detection reaction (LDR) method. Result. Both of patient and control groups showed similar genotype frequencies between patients and controls at both rs363371 and rs363324, as well as similar minor A allele frequencies at rs363371 ( = 0.452) and rs363324 ( = 0.413). None of the observed haplotypes showed a significant association with PD. Subgroup analysis by gender and age at onset revealed a significant association between the A allele of rs363371 and PD in Han Chinese males relative to healthy controls (OR 0.799, 95% CI 0.665 to 0.959, = 0.016), and this association remained significant after adjusting for age (OR 0.785, 95% CI 0.652 to 0.945, = 0.011). Conclusion. These results suggest that polymorphism of VMAT2 locus is associated with risk of PD in Han Chinese overall but that the A allele at rs363371 may protect against PD in Han Chinese males.
Introduction
Parkinson's disease (PD) is a neurodegenerative disorder characterized by static tremor, bradykinesia, rigidity, posture, gait dysfunction, and several nonmotor symptoms. The main pathological features of PD are aggregation of -synuclein and selective loss of dopaminergic neurons in the substantia nigra pars compacta. Both motor and nonmotor PD symptoms are thought to be associated with protein and lipid oxidation mediated by the monoamine neurotransmitters dopamine and norepinephrine; this oxidation damages dopaminergic cells, as shown in animal studies of PD induced by 6-hydroxydopamine (6-OHDA) [1, 2] . Taken together, previous studies indicate that the storage and metabolism of monoamines, particularly dopamine, can influence levels of oxidative stress, which can in turn lead to PD.
Oxidative stress has been shown to arise from cytoplasmic dopamine rather than extracellular dopamine [3] . Homeostasis of cytoplasmic dopamine depends on normal functioning of both the dopamine transporter (DAT), which recycles dopamine from the extracellular medium into the cytoplasm, and the vesicular monoamine transporter 2 (VMAT2), which packages dopamine into vesicles and helps transport it to the extracellular medium [4] . VMAT2 dysfunction leads to excessive dopamine aggregation in the cytoplasm, where its metabolism generates reactive oxidative species such as
• OH, O 2
•− , H 2 O 2 , and neurotoxic quinones [2, 5, 6] . Thus VMAT2 dysfunction may contribute to PD via two pathways. One is that the reactive oxidative species inhibit mitochondrial respiration [7, 8] , proteasome activity [9] , and intracellular antioxidative defenses [10, 11] , directly causing the degeneration of dopaminergic neurons in substantia nigra. The second pathway is through interaction between VMAT2 and -synuclein. The -synuclein protein is thought to contribute to PD pathogenesis by disturbing ion homeostasis, mitochondrial function, and proteostasis, as well as by inducing neuroinflammation [12] . VMAT2 hypomorphic mice overexpresssynuclein in nigral dopamine neurons and show significantly more dopaminergic neurodegeneration than wild-type mice. This suggests that VMAT2 dysfunction leads to elevated intracellular dopamine levels, which may render dopaminergic neurons more susceptible to -synuclein-mediated degeneration [13] . Thus, VMAT2 function may be essential to prevent endogenous dopamine from becoming neurotoxic [14] . It is not surprising, then, that two single-nucleotide polymorphisms (SNPs) in the promoter region of the VMAT2 gene, rs363371 and rs363324, have been associated with risk of PD in an Italian population: the A allele of rs363371 and the G allele of rs363324 were reported to decrease the risk of developing PD [15] . Studies of PD risk and other VMAT2 SNPs have come to different conclusions: two studies in Japan showed a negative association [16, 17] , while four genome-wide association studies in Caucasians showed no association [18] [19] [20] [21] . To verify whether rs363371 and rs363324 are associated with PD risk in other ethnic groups, the present study compared Han Chinese patients and controls. These findings complement the known association of SNPs in the dopamine transporter gene with risk of disease [22] [23] [24] .
Subjects and Methods

Subjects.
A total of 561 Han Chinese patients with sporadic PD and 491 unrelated, healthy Han Chinese control subjects were consecutively recruited from the movement disorder centers of West China Hospital, Sichuan University, located in southwest China, and of the First Affiliated Hospital of Sun Yat-sen University, located in southeast China. Clinical diagnosis of PD was established by two independent movement disorder specialists according to UK PD Society Brain Bank criteria for idiopathic PD [25] . Patients with at least one relative with PD were excluded. A neurologist confirmed that controls were free of any neurodegenerative disorders and family history of neurodegenerative disease for at least one generation. Written informed consent was obtained from all individuals involved in this research, and the study protocol was approved by the Ethics Committees at West China Hospital of Sichuan University and at the First Affiliated Hospital of Sun Yat-sen University.
2.2.
Genotyping. Genomic DNA was obtained from peripheral leukocytes using classical phenol-chloroform extraction. All genotyping was performed by Shanghai Biowing Applied Biotechnology (Shanghai, China) using ligase detection reactions [26] . Target DNA sequences in the VMAT2 gene were amplified using a multiplex PCR method and the following sequences: rs262271 forward, 5 -GATGAACCC-AAGGCAGGAAC-3 ; rs363371 reverse, 5 -CTCACATGG-CACAATGAATG-3 ; rs363324 forward, 5 -CCCTGGAAC-TAATTCCTGTC-3 ; rs363324 reverse, 5 -AAATGCCGA-TGGACCAGTTC-3 . After amplification, 1 L of proteinase K (20 mg/mL) was added and the reactions were heated at 70 ∘ C for 10 min and then quenched at 94 ∘ C for 15 min. The ligation reaction for each subject was carried out in a final volume of 20 L containing 20 mM Tris-HCl (pH 7.6), 25 mM potassium acetate, 10 mM magnesium acetate, 10 mM DTT, 1 mM NAD, 0.1% Triton X-100, 10 L of multiplex PCR product, 1 pmol of each discriminating oligo, 1 pmol of each common oligo, and 0.5 L of 40 U/ L Taq DNA ligase (New England Biolabs, USA). The ligase detection reaction was then performed using 40 cycles of 94 ∘ C for 30 s and 63 ∘ C for 4 min. Fluorescent products were fractionated and analyzed using an ABI sequencer 377.
The technicians performing the genotyping were blinded to the case or control status of the samples. For quality control, 20% of the samples were randomly selected and processed independently by another researcher; all samples gave identical results in both researchers' hands. We also selected 10 samples for each genotype of the two SNPs obtained by ligase detection reaction, and for more comprehensive characterization, we sequenced around the two SNPs using an ABI Prism 3730 automated sequencer, which showed 100% reproducibility.
Statistical Analysis.
Age for different groups was reported as mean ± standard deviation (SD), while gender, allele, and genotype were reported as percentages. Allele and genotype frequencies were determined by direct counting of alleles. Genotype distributions were tested for concordance with Hardy-Weinberg equilibrium (HWE). Differences in gender and age between PD and control groups were assessed for significance using, respectively, the chi-squared test andtest. Logistic regression analysis was performed using PD as the dependent variable, while age, gender, and genotype (allele) of the two SNPs served as independent variables. All statistical tests were carried out using SPSS 17.0 (IBM, Chicago, USA), using a significance threshold of < 0.025 (corrected for multiple comparisons). Haplotype analysis was performed using SHEsis 4.0 online (http://analysis.bio-x.cn/ myAnalysis.php). Genotype imputation was performed using IPUTE2 (http://mathgen.stats.ox.ac.uk/impute/impute v2.html).
Results
Basic Characteristics of PD and Control Subjects.
A total of 561 Han Chinese patients with PD (62.73 ± 11.74 years) and 491 healthy controls (61.8 ± 8.48 years) were included in the study. The PD and control groups were well matched by age and sex (Table 1) . Among the PD patients, 167 had earlyonset PD (EOPD), defined as disease with onset at 50 years; mean age at onset in this group was 44.55 ± 4.90 years. The remaining 394 had late-onset PD (LOPD), and the mean age at onset was 63.76 ± 6.64 years.
Comparison of Genotype and Allele Frequencies between PD Patients and Controls.
Genotype distributions at rs363371 were in HWE in patients ( = 0.597) and controls ( = 0.228); the same was true at rs363324 for patients ( = 0.116) and controls ( = 0.592). Genotype frequencies at both loci were similar between patients and controls ( > 0.05), and frequencies of the A allele were similar between both groups at both rs363371 ( > 0.05) and rs363324 ( > 0.321) ( Table 2) . Next we performed subgroup analysis based on gender and genotype. Allele frequencies at rs363324 were similar between patients and controls in all subgroup analyses (Table 4 ). In contrast, we identified a significant difference in the frequency of the A allele at rs363371 between male PD patients and the male control group (OR 0.799, 95% CI 0.665 to 0.959, = 0.016). This association remained significant after adjusting for age (OR 0.785, 95% CI 0.652 to 0.945, = 0.011). No other subgroup analyses showed significant differences between patients and controls (Table 3) .
Haplotype Analysis.
The linkage disequilibrium value was 0.343 for rs363371 and rs363324, suggesting a strong recombination event. Haplotype analysis, in which haplotypes with frequencies <0.03 were excluded, identified the three haplotypes A-G, G-A, and G-G. None of these haplotypes showed a significant association with PD (Table 5) .
Imputation.
To provide independent verification of our findings, we used IMPUTE2 [27, 28] to perform direct imputation of the chromosomal region chr10:118980000-119041941, which includes the entire VMAT2 gene and an additional 5 kb on either side of the gene. We included the option buffer⟨250⟩ to force IMPUTE2 to use an internal buffer region of 250 kb on either side of the analysis window [27] . A dataset of 1000 genomes was downloaded from the IMPUTE2 website (http://mathgen.stats.ox.ac.uk/impute/ impute v2.html) [28] to serve as the imputation reference. The threshold for genotype calling was contained in the -g file 
Discussion
Our study, inspired by the reported association between VMAT2 polymorphism at rs363371 and rs363324 and risk of PD in Italians [15] , failed to reproduce these associations in a Han Chinese population. None of the three haplotypes identified in our population showed a significant association with disease. Even after imputation analysis, no obvious association was detected between VMAT2 and PD. On the other hand, subgroup analysis identified the A allele of rs363371 as protecting male Han Chinese from developing PD. These findings suggest that the effects of VMAT2 polymorphism on PD risk depend on ethnicity, highlighting the need for further study of these polymorphisms in other populations. Our detection of an association between rs363371 and PD only in male Han Chinese contrasts with several lines of evidence implicating VMAT2 in PD pathology. A member of the SLC18A2 family of transporters, which are expressed primarily in the brain, VMAT2, is a 12-pass transmembrane protein [4] that packages dopamine and neurotoxins into secretion vesicles [29] . VMAT2 is expressed in the nigrostriatal area at 100-fold higher levels than in cerebellar or cerebral areas, and levels of nigrostriatal VMAT2 are lower in PD patients than in healthy controls [30, 31] . Studies in cell culture and animal models have provided additional evidence that VMAT2 dysfunction can lead to PD pathology. Cells overexpressing -synuclein show reduced VMAT2 activity, elevated cytosolic dopamine concentrations, and elevated levels of reactive oxidative species [32, 33] . A mouse line in which nondopaminergic striatal neurons lack VMAT2 but express dopamine transporter shows motor deficits, striatal neurodegeneration, and increased dopamine oxidation [34] . A transgenic mouse line expressing only 15% of the normal amount of VMAT2 closely mimics human PD characteristics, including deficits in l-DOPA-responsive motor activity and full-scale nonmotor symptoms [35] .
Drug studies are also consistent with a link between VMAT2 and PD. Systemic administration of the VMAT2 inhibitor reserpine induces PD-like motor symptoms [36, 37] and nonmotor symptoms [38] in mice, as well as oxidative stress in the striatum [39, 40] and prefrontal cortex [39] of rat brain. Rotenone is widely used to model the death of dopamine neurons in Parkinson's disease both in vitro and in vivo, and the drug works via c-Jun N-terminal protein kinase (JNK) to inhibit VMAT2 [41] . Tetrabenazine (TBZ), a reversible inhibitor of VMAT2, preferentially depletes striatal dopamine. Treating rats and mice with TBZ induces tremulous jaw movements as a model of parkinsonian tremor [42] . Treating dopaminergic cell with the VMAT2 inhibitor ketanserin exacerbates BH4-induced dopaminergic cell death and increases levels of lipid peroxidation and of protein-bound quinone, indicating greater oxidative stress [43] . Pramipexole, recommended for clinical use in early stages of PD, increases VMAT2 activity, increasing dopamine packaging and secretion in vesicles, reducing the cytosolic dopamine concentration, and thereby protecting dopaminergic neurons [44] . The antiparkinsonism drug apomorphine may work by a similar mechanism [45] . Together these studies suggest that VMAT2 is a quite promising therapeutic target against PD.
Given these numerous lines of evidence implicating VMAT2 dysfunction in PD pathology, it makes sense that we detected a protective effect of the A allele at rs363371 in Chinese males. We speculate that the protective A allele is associated with higher VMAT2 activity, and in fact this locus is in linkage disequilibrium with locus rs2619096, which doubles the activity of the VMAT2 promoter [46] . Surprisingly, despite the evidence for a link between VMAT2 dysfunction and PD, we failed to find any association between PD and the A allele at rs363371 in Chinese females, or between PD and the other alleles and genotypes that we tested. This discrepancy from the earlier study in Italians [15] may reflect ethnic differences. For example, the frequency of the A allele at rs363371 was 54.9%-56.1% in our subjects but only 19.2%-23.4% in Italian subjects [15] .
Several studies have suggested that gender can modulate PD risk, with women showing lower incidence and prevalence of the disease [47] . Some studies suggest that estrogen and its signalling pathways account for some of these differences [48, 49] . The protective effects of estrogen appear to be related to inhibiting the function of the dopamine transporter [50, 51] , preventing loss of VMAT2 [52] , and other pathways [53] . Thus we could speculate that estrogen exerts neuroprotective effects on nigrostriatal neurons and that this estrogen effect is much stronger than the neuroprotective effect of VMAT2. As a result, the neuroprotective effects of VMAT2 may be more obvious in men, who have a relatively low concentration of estrogen. This model is consistent with our finding that the A allele of rs363371 appears to protect Han Chinese men from developing PD.
Our findings should be interpreted with caution because we did not take into account gene-gene or gene-environment interactions. We focused on only two SNPs in the VMAT2 gene, though we did expand this to nine in the imputation analysis, highlighting the need for more comprehensive studies of VMAT2 polymorphism involving next-generation sequencing. Our sample size is relatively small; nevertheless, power calculations that we performed prior to data collection based on the frequencies of G allele in Han Chinese (0.444; www.ncbi.nlm.nih.gov/projects/SNP) and the OR of 0.72 in the Italian study [15] suggested an anticipated power of 0.91 for rs363371 and 0.616 for 363324. These are reasonable power values to detect clinically important associations. All our PD patients came from southern China, so the discrepancy from the Italian study of the same polymorphisms [15] may simply reflect ethnic differences. The ethnic homogeneity in our study does have the advantage of reducing the risk of allelic heterogeneity and false positive associations, while increasing tagging efficiency [54] .
In conclusion, our study suggests that VMAT2 polymorphism decreases the risk of developing PD in Han Chinese men. More studies are needed on the possible effects of VMAT2 polymorphisms on VMAT2 activity and risk of PD in larger populations and in other ethnic groups.
